Neuroligins (NLs) are postsynaptic cell-adhesion molecules essential for normal synapse function. Mutations in neuroligin-4 (NL4) (gene symbol: NLGN4) have been reported in some patients with autism spectrum disorder (ASD) and other neurodevelopmental impairments. However, the low frequency of NL4 mutations and the limited information about the affected patients and the functional consequences of their mutations cast doubt on the causal role of NL4 mutations in these disorders. Here, we describe two brothers with classical ASD who carry a single amino-acid substitution in NL4 (R87W). This substitution was absent from the brothers' asymptomatic parents, suggesting that it arose in the maternal germ line. R87 is conserved in all NL isoforms, and the R87W substitution is not observed in control individuals. At the protein level, the R87W substitution impaired glycosylation processing of NL4 expressed in HEK293 and COS cells, destabilized NL4, caused NL4 retention in the endoplasmic reticulum in non-neuronal cells and neurons, and blocked NL4 transport to the cell surface. As a result, the R87W substitution inactivated the synapse-formation activity of NL4 and abolished the functional effect of NL4 on synapse strength. Viewed together, these observations suggest that a point mutation in NL4 can cause ASD by a loss-of-function mechanism.
Introduction
Autism spectrum disorders (ASDs) are neurodevelopmental diseases defined by impaired social interactions, deficient communication, restricted interests, and stereotyped activity patterns (American Psychiatric Association, 2000) . ASDs probably represent a spectrum of disorders (Abrahams and Geschwind, 2008; Losh et al., 2008) . Although most ASDs are sporadic, ASDs are primarily heritable (Beaudet, 2007) . Multiple gene defects have been associated with ASDs, including mutations in the X-linked neuroligin-3 (NL3) and neuroligin-4 (NL4) genes (for review, see Südhof, 2008) .
NLs are postsynaptic cell-adhesion molecules that participate in the formation, organization, and remodeling of synapses (Ichtchenko et al., 1995 (Ichtchenko et al., , 1996 Song et al., 1999; Scheiffele et al., 2000; Boucard et al., 2005; Nam and Chen, 2005; Chih et al., 2006; Varoqueaux et al., 2006; Berninghausen et al., 2007; Chubykin et al., 2007; Conroy et al., 2007; Dong et al., 2007; Futai et al., 2007) . Multiple changes in NL genes were observed in patients with familial ASDs and related neuropsychiatric diseases (Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005; Chocholska et al., 2006; Talebizadeh et al., 2006; Macarov et al., 2007; LawsonYuen et al., 2008; Marshall et al., 2008) . Furthermore, mutations in neurexin-1␣ [which binds to NLs extracellularly (Boucard et al., 2005) ], and in SHANK3 [which binds to NLs intracellularly via PSD-95 (Naisbitt et al., 1999) ] have also been associated with ASDs (Jeffries et al., 2005; Durand et al., 2007; Szatmari et al., 2007; Marshall et al., 2008; Morrow et al., 2008; Kim et al., 2009) , suggesting a synaptic pathway for ASD pathogenesis involving trans-synaptic interactions of neurexins and neuroligins (the trans-synaptic interaction hypothesis of ASDs) (Südhof, 2008) . In support of this hypothesis, mice carrying the R451C mutation of NL3 or a deletion of NL4 exhibit synaptic and behavioral phenotypes characteristic of ASDs (Tabuchi et al., 2007; Jamain et al., 2008) .
However, several observations argue against a link of neuroligin mutations to ASDs and question the trans-synaptic interaction hypothesis. First, mutations in NLs, neurexin-1␣, and SHANK3 are exceedingly rare in ASDs (Vincent et al., 2004; Gauthier et al., 2005; Blasi et al., 2006; Wermter et al., 2008) . Second, at least some indi-viduals with genetic changes in NL4 (Chocholska et al., 2006; Macarov et al., 2007) , neurexin-1␣ (Marshall et al., 2008; Morrow et al., 2008) , or SHANK3 (Durand et al., 2007) are asymptomatic. Third, although some NL4 mutations could be functionally significant because they ablate NL4 expression, other NL4 mutations may cause only minor structural changes (Yan et al., 2005) and could represent polymorphisms that are functionally insignificant.
Here, we have tested the possible role of NL4 mutations in ASDs by investigating a familial case of ASD in which two affected brothers carry a single amino-acid substitution (R87W) in the NL4 gene. We show that this mutation arose in the maternal germ line and causes a major impairment in the functional properties of NL4. Our data report a direct correlation of the functional effects of an NL4 point mutation with the clinical phenotype observed in human patients, strongly supporting the transsynaptic interaction hypothesis of ASDs.
Materials and Methods

Clinical evaluation
SS and TS were born at term via normal spontaneous vaginal delivery with no reported prenatal or neonatal complications. Their mother does not report a history of potentially harmful exposures, including chemical, radiation, chemotherapy, unusual medications, herbal medications, or severe illnesses. She does not report any workplace exposures to chemicals. Neither child has a history of birth defects, major illnesses, surgeries, seizures, or hospitalizations. SS and TS have no reported vision problems, although they have not had formal ophthalmology evaluations. Neither has had a brain MRI. Both brothers have had normal audiology screenings. The probands were examined with a series of psychological tests (Tables 1, 2) . SS had developmental evaluations through the Studies to Advance Autism Research and Treatment study at Boston University School of Medicine at 31, 43, and 52 months of age, and TS at 38 months of age.
The parents of SS and TS were of Scottish and Irish descent. Family history is notable for a paternal first cousin with cerebral palsy. A paternal uncle has learning disabilities and mental illness since his 20s. There was no other reported history of mental retardation, ASDs, neuropsychiatric disorders, multiple miscarriages, genetic disorders, or known chromosome abnormalities on either side of the family.
On physical exam, SS has some mild dysmorphic features, including epicanthal folds, broad nasal bridge, smooth philtrum, and mild clinodactyly. Head circumference is 50th centile, weight is 50 -75th centile, and height is 50 -75th centile. TS has abnormal hair patterning and a widow's peak. He has a broad forehead, broad nasal bridge, and slight midface hypoplasia. He has epicanthal folds. He has finger pads, mild syndactyly, and mild fifth finger clinodactyly. TS's head circumference is 75th centile, weight is Ͼ95th centile, and height is 90 -95th centile. Neurologic exam of both brothers was nonfocal.
Clinical psychological tests
Autism Diagnostic Observational Schedule (Lord et al., 2002) . The Autism Diagnostic Observational Schedule (ADOS) is a semi-structured, interactive observation designed to assess social and communicative functioning in individuals suspected of having an autism spectrum disorder. The assessment involves a variety of social "presses" designed to elicit behaviors relevant to a diagnosis of autism. Behaviors are scored from 0 (no atypical presentation) to 2 (definitely atypical). A standardized diagnostic algorithm can be calculated, consistent with autism criteria in Diagnostic and Statistical Manual of Mental Disorders-IV/International Classification of Diseases-10. Established cutoff scores in the social and communication domains are used to differentiate autism, autism spectrum, and non-autism spectrum disorders. In addition, a child receives scores for atypical play and stereotyped behaviors that are not included in the total algorithm score.
Autism Diagnostic Interview-Revised (Lord et al., 1994) . Autism Diagnostic Interview-Revised (ADI-R) This is a semi-structured caregiver interview designed to gather information necessary to assign a diagnosis of autism. Like the ADOS, each item is scored from 0 to 2, with higher scores denoting greater impairment or atypical behavior. Items have been shown to be reliable and the accompanying algorithm adequately discriminates individuals with autism non-autistic peers. Both boys met criteria for a diagnosis of autism on both the ADOS and ADI at all time points. Their scores were above the threshold cutoff scores for a diagnosis of autism in each subdomain and for the algorithm totals on the ADOS and ADI-R. Table 1 presents the scores on the ADOS and ADI-R for both children.
Mullen Scales of Early Learning (Mullen, 1995) . This is an assessment of developmental functioning for children from birth to 5 years 8 months. The Mullen provides an overall score ("early learning composite" expressed as a standard score, with a mean Ϯ SD of 100 Ϯ 15) and subtest scores (expressed as t scores, with a mean Ϯ SD of 50 Ϯ 10) for gross and fine motor skills, visual reception (which reflects nonverbal problem solving), and receptive and expressive language.
Vineland Adaptive Behavior Scales-Expanded Form (Sparrow et al., 1984) . This interview was administered to the boys' mother to assess personal and social sufficiency in four domains: communication (receptive, expressive, written), daily living skills (personal, domestic, community), socialization (interpersonal relationships, play and leisure time, coping skills), and motor skills (gross, fine). The Vineland Adaptive Behavior Scales (VABS) also yields a summary score, the "adaptive behavior composite." All scores on the VABS are expressed as standard scores (mean Ϯ SD of 100 Ϯ 15).
Molecular analysis of patient's genome
Normal or negative genetic testing performed on both brothers included high-resolution chromosomes, 500K single nucleotide polymorphism (SNP) microarray, Fragile X syndrome, and NLGN3 sequence analysis. Fluorescence-labeled PCR primers in exon flanking regions were used to amplify and sequence the five coding exons in the NLGN4 gene in both directions. This analysis was performed on samples from SS and TS. For maternal, paternal, and 300 healthy control samples, fluorescencelabeled PCR primers in exon flanking regions were used to amplify and sequence exon 1 of the NLGN4 gene in both directions. The paternal sample was analyzed to rule out the presence of an alteration on the Y-chromosome homolog of NLGN4. Both maternal blood and buccal samples were analyzed. Maternity and paternity testing was performed by analyzing DNA samples from SS, TS, mother, and father at 15 unlinked DNA marker loci.
X-inactivation assay was performed on a maternal sample by the restriction fragment length polymorphism analysis using a methylationsensitive enzyme, HpaII, followed by PCR amplification of a (CAG) n triplet repeat region in the androgen receptor gene on the X chromosome. Methylation-sensitive enzymes cut the androgen receptor repeat region on the active X chromosome but leave this site intact on the inactive X chromosome. DNA fragments were resolved by POP4 on the ABI genetic analyzer 3100 (Applied Biosystems). The X-inactivation ratio is obtained by comparing quantitative PCR results with and without digestion by the methylation-sensitive enzyme. (Lord et al., 2002) and ADI-R for Autism Diagnostic Interview-Revised (Lord et al., 1994) . Both boys met criteria for a diagnosis of autism on both the tests at all time points. For a detailed description of the tests, see supplemental materials, available at www.jneurosci.org.
Construction of expression vectors
Vectors expressing unmodified human Neuroligin 4 (hNL4, in pcDNA1 backbone) was described previously (Bolliger et al., 2001) . Human NL4
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plasmid was generated by introducing a point mutation at residue 87 (arginine to tryptophan) using the QuickChange kit (Stratagene) at pcDNA1 human NL4 plasmid with the following primers (JK08202, CCCCACT-GGAGAGAGGTGGTTTCAGCCCCC AGAAC; JK08203, GTTCT-GGGGGCTGAAACCACCTCTCTCCAGTGGGG) and verified by nucleotide sequencing. Monomeric Venus (mVenus)-tagged hNL4 and hNL4 R87W plasmids (in pCMV5 backbone) were generated by inserting the cDNA encoding mVenus into the EcoRV site of cytoplasmic tail of human NL4 (insertion sequence, PSPQRNTTND-mVenus-IAHIQNEEIM).
Antibodies
Polyclonal antibodies to synapsin (E028) and pan-neuroligins, monoclonal antibody to microtubule-activated protein 2 (MAP2) were described previously Bolliger et al., 2008) . The following antibodies were commercially obtained: GM130 (mouse monoclonal; BD Biosciences Transduction Laboratories), GFP (mouse monoclonal; Invitrogen), calnexin (mouse monoclonal; BD Biosciences Transduction Laboratories), and synaptotagmin-1 (clone 41.1; Synaptic Systems).
Neuronal cultures and Ca 2ϩ -phosphate transfections
Primary hippocampal neurons were cultured on poly-D-lysine-coated glass coverslips from newborn mice pups (Maximov et al., 2007) . Cultured neurons were transfected with various cDNA constructs at days in vitro 10 (DIV10) using Ca 2ϩ -phosphate transfection method. Briefly, for each coverslip in a 24-well plate, 4 g of total plasmid was mixed with 3.1 l of 2 M CaCl 2 solution, dH 2 O was added to a final volume of 25 l, and the DNA/CaCl 2 solution was added slowly to 25 l of 2ϫ HBS. Then DNA/CaCl 2 /HBS solution was incubated at room temperature for 30 min and then added to neuronal culture and incubated for 30 min in incubator. Afterward, the culture was washed three times with MEM and kept in the incubator for 4 d before recording. All transfections used the same total amount of plasmids [3 g of test or control plasmids plus 1 g of enhanced GFP (EGFP) plasmid for identifying transfected neurons]; for control transfections, empty pCMV5 vector was used to substitute for the expression vectors. As visualized by the cotransfected EGFP, 1-2% of neurons were typically transfected.
Electrophysiological recordings
Electrophysiological recordings were performed as described previously (Maximov and Südhof, 2005; Maximov et al., 2007) . Synaptic responses were evoked by 0.5 ms current injections (90 -100 A) with an Isolated Pulse Stimulator (model 2000; A-M Systems) using a concentric bipolar electrode (CBAEC75; FHC). Data were digitized at 10 kHz with a 2 kHz low-pass filter. The intracellular pipette solution contained the following (in mM): 145 CsCl, 5 NaCl, 10 HEPES, 5 EGTA, 5 QX-314
MgATP, and 0.3 Na 2 GTP, pH 7.2 (305 mOsm). The bath solution contained the following (in mM): 150 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose, pH 7.4 (315 mOsm). Evoked IPSCs were pharmacologically isolated by adding 10 M CNQX to the bath solution. Evoked EPSCs were pharmacologically isolated by adding 100 M picrotoxin to the bath solution. Tetrodotoxin (1 M) was added to the bath to block evoked synaptic responses for miniature EPSC (mEPSC)/mIPSC recordings. The readily-releasable pool was measured by background perfusion of hypertonic sucrose (0.5 M) into the bath solution at a speed of 2 ml/min. Series resistance was compensated to 60 -70%, and recordings with series resistances of Ͼ20 M⍀ were rejected. Data were analyzed using Clampfit 9.02 (Molecular Devices), Excel (Microsoft), and Igor 4.0 (Wavemetics).
Immunocytochemistry and imaging analysis
Primary hippocampal cultures were prepared from embryonic day 18 rat hippocampi. Cultured neurons were transfected with CalPhos transfection kit (Clontech) at DIV10, fixed with 4% paraformaldehyde/4% sucrose, permeabilized with 0.2% Triton X-100 in PBS, and incubated with the indicated primary and Alexa Fluor 488-or 546-labeled goat antimouse or anti-rabbit antibodies (Invitrogen) at DIV14. For immunostainings, GFP (1:500) and synapsin (1:1000) antibodies were used. COS-7 cells were maintained as described previously . FuGENE-6 (Roche) was used to transfect COS-7 cells, and immunostaining was performed after 24 h with calnexin [1:150; endoplasmic reticulum (ER) marker] or GM130 (1:200; cis-Golgi marker) antibodies. Images were captured using Leica TCS2 confocal microscope. Images were collected with the identical confocal setting for all of the samples of an experiment using Leica TCS2 confocal microscope. Z-stacked images were projected with maximal projection mode using Leica Confocal Software. The contours of the transfected COS-7 cells were randomly chosen, and their fluorescence intensity was quantified for both red and green channels in the region of interest with MetaMorph Software. For the analysis of neuron transfection experiments, Z-stacked images were obtained, converted to maximally projected images, and analyzed using MetaMorph Software to measure the numbers of dendritic spines and presynaptic terminals per 50 m dendrites or puncta cluster area.
Artificial synapse formation assays
Coculture assays were performed as described previously . COS-7 cells transfected with NL4 plasmids (hNL4 or hNL4 R87W ) or EGFP were cultured for 24 h, trypsinized, plated onto the hippocampal neurons, cocultured for 2 d (from DIV6 to DIV8), and immunostained for pan-neuroligin (19C; 1 g/ml) and synaptotagmin-1 antibodies (1: 200; Synaptic Systems). Images were captured by Z-stacking with Leica TCS2 microscope. HEK293 cells were transfected with indicated plasmid using FuGENE-6 (Roche), and 2 g of plasmid with 6 l of FuGENE was used for one well in a six-well plate. After 48 h, HEK293 cells were washed with PBS, kept at Ϫ80°C overnight, and thawed at 37°C for 1 min. Lysed cell membranes and nuclei were pelleted by centrifugation (2000 ϫ g for 15 min at 4°C), and membrane proteins were extracted from the pellet for 1 h at 4°C in 20 mM HEPES-NaOH, pH 7.4, containing 1% Triton X-100, 0.1 mM EDTA, 2 mM CaCl 2 , 1 mM MgCl 2 , and 50 mM NaCl with protease inhibitors (1 mM PMSF, 1 mg/L pepstatin, 1 mg/L leupeptin, and 2 mg/L aprotinin). Insoluble material was removed by centrifugation (10,000 ϫ g for 30 min), and the supernatant was used for various pull-downs. All pull-down experiments were done overnight at 4°C, and bound proteins were eluted with sample buffer and analyzed by immunoblotting with specific antibodies.
Glycosylation assay
Solubilized proteins (10 g) from HEK293 cells transfected with hNL4 or hNL4 R87W were first denatured by adding 10ϫ denaturing buffer (New England Biolabs) and heated to 100°C for 10 min. For endoglycosidase H (Endo H) treatment, denatured protein was treated with 1 l of enzyme and incubated at 37°C for 1 h. For PNGase F treatment, denatured protein was treated with 1 l of enzyme plus 2 l of NP-40 (10%) and incubated at 37°C for 1 h. After enzyme treatment, proteins, together with equal amount of untreated proteins, were analyzed by immunoblotting with indicated antibodies and followed by ECL detection.
Membrane biotinylation assay
Transfected HEK293 cells were washed with ice-cold PBS (with 1 mM MgCl 2 and 0.1 mM CaCl 2 ) three times. Then sulfo-NHS-LC-biotin (1 mg/ml) was added to the cells, and cells were kept at 4°C for 30 min. After incubation, cells were washed six times with PBS plus glycine (100 mM) to quench and remove excess biotin. Purified membrane protein (100 g) was then incubated with Neutravidin (Thermo Fisher Scientific) for overnight at 4°C. After six washes with PBS, protein was eluted with sample buffer and analyzed by immunoblotting.
Miscellaneous
SDS-PAGE and immunoblotting experiments, including quantitation with 125 I-labeled secondary antibodies followed by PhosphorImager detection (Molecular Dynamics), were performed as described previously (Tabuchi et al., 2007) .
Statistical analyses
All data shown are means Ϯ SEMs. Statistical significance was determined by the Student's t test or ANOVA Tukey's test.
Results
Case report
The probands are brothers (SS, 5 years; TS, 3 years) who were referred to Boston University School of Medicine with a diagnosis of developmental delays (especially language), atypical behaviors, and ASD. SS and TS were born to healthy, non-consanguineous parents without a family history of neuropsychiatric disorders (see Materials and Methods). Developmentally, TS began walking at 14 1 ⁄2 months and received a diagnosis of pervasive developmental disorder-not otherwise specified at 21 months. An Arena developmental evaluation at a chronological age of 17 months revealed fine motor skills at a 19 months level, cognitive functioning at an 18 months level, expressive language at a 7 months level, recep- tive language at an 11 months level, socialemotional skills at a 26 months level, self-care and feeding at a 33 months level, toileting at a 13 months level, dressing and hygiene at a 17 months level, and gross motor skills at a 22 months level. TS exhibited atypical behaviors, including poor social interaction, decreased eye contact, biting, and spinning. Developmentally, SS reportedly sat at 8 months, crawled at 10 months, and began walking at 18 months. He said his first word at 31 months and began speaking in two to three word phrases by 34 months. SS also displays atypical behaviors, including perseveration, temper tantrums, unusual play and social skills, minimal eye contact, and echolalia. SS received a diagnosis of ASD at 23 months of age.
Evaluations of SS and TS with the ADOS and ADI-R showed that both SS and TS met the criteria for a diagnosis of autism on both the ADOS and the ADI-R scale (Table 1) . On the ADOS, both boys had atypical scores on many items, including frequency of vocalizations directed to others, gestures, eye contact, facial expressions toward others, shared enjoyment in interaction, showing, joint attention, and quality of social overtures. Both brothers also had atypical behaviors in functional play with objects, imagination, unusual sensory interests, and repetitive interests or stereotyped behaviors. SS and TS also went through developmental/cognitive and adaptive behavior assessments using the Mullen Scales of Early Learning and the VABS. The composite scores for each brother on both tests indicate that they are Ͼ2 SDs below the mean in the range of mild-to-moderate mental retardation (Table 2) . Both SS and TS scored below age expectations in motor, cognitive, language/communication, socializations, and daily living skills.
Genomic analyses revealed that both SS and TS were hemizygous for a point mutation, the R87W substitution, in exon 1 of the NL4 gene (Fig. 1) . Maternal blood, maternal buccal swab, and paternal blood samples were negative for the R87W substitution. Samples from 300 healthy control individuals were negative for the R87W substitution, and no changes in R87 were detected in SNP databases. Maternal X-inactivation studies revealed an abnormal, mildly skewed X-inactivation pattern (75:25%) of unknown significance. Maternity and paternity testing confirmed that SS and TS share alleles with their mother and father at all 15 tested loci, thus confirming true maternity and paternity.
The R87W mutation likely impairs folding of NL4 Inspection of the crystal structure of NL4 (Fabrichny et al., 2007) reveals that R87 is at a region that is on the opposite side of the neurexin-binding and the dimerization surface of NL4. This region is mostly composed of rigid loop-like sequences that may be important for nucleating the overall fold of NL4. In the NL4 structure, R87 forms four hydrogen bonds (one each with K321 and L318 and two with E144). Not only R87 but also its hydrogen bonds appear to be conserved in all neuroligins (Araç et al., 2007; Chen et al., 2008) . Thus, the R87 mutation to tryptophan has a high potential to disrupt the structure of NL4.
To test this hypothesis, we transfected wild-type and R87W-mutant human NL4 into HEK293 cells. Immunoblotting demonstrated that mutant NL4 was expressed at much lower levels than wild-type NL4 and migrated at a different position ( Fig.  2A) . Quantitations showed that the levels for the immature precursor protein of NL4 were significantly increased, whereas those for mature NL4 were significantly decreased, by the R87W mutation (Fig. 2B) . Note that, in these experiments, wild-type and R87W-mutant neuroligin were expressed with identical vectors that only differed in the R87W substitution. To determine the relationship of mature and immature NL4 in wild-type and R87W-mutant-expressing HEK293 cells, we deglycosylated the protein with endoglycosidase H (which only cleaves immature sugars attached to proteins in the ER) or PNGase F (which cleaves N-linked sugars). Endoglycosidase H did not alter the electrophoretic mobil- WT and hNL4 R87W , respectively), double labeled for the ER marker calnexin (top images) or the cis-Golgi marker GM130 (bottom images) and for NL4 using the pan-NL antibody 19C. Scale bars on the right (20 m) apply to all images in a set. C, Analysis of NL4 surface exposure in transfected HEK293 cells using surface biotinylation, analyzed by immunoblotting of affinity-purified surface-biotinylated proteins. The membrane protein Na,K-ATPase was used as a positive control for surface biotinylation, and the intracellular protein VCP was used as a negative control.
ity of wild-type NL4 expressed in HEK293 cells, but completely shifted R87W-mutant NL4 to a lower molecular weight, suggesting that R87W-mutant but not wild-type NL4 carries Endo H-sensitive sugars (Fig. 2C) . PNGase F, in contrast, cleaved both wild-type and mutant NL4. After PNGase F cleavage, wild-type NL4 still migrated at a higher molecular weight than R87W-mutant NL4, presumably because mature NL4 contains O-linked sugars that are not present in immature R87W-mutant NL4 and that are not cleaved by PNGase F (which only cleaves N-linked sugars).
The glycosylation data and expression levels of R87W-mutant NL4 suggest that the R87W mutation leads to the retention of NL4 in the ER, with subsequent rapid degradation. To test this hypothesis, we measured the rate of degradation of wild-type and R87W-mutant NL4 by adding cycloheximide (0.1 g/L) to transfected HEK293 cells. Cycloheximide stops protein translation, allowing us to monitor the degradation rate of the NL4 protein synthesized up to that point (Fig. 2 D) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). We observed a rapid loss of R87W-mutant NL4, whereas wild-type NL4 was relatively stable. Thus, the R87W substitution destabilizes NL4.
The R87W mutation inhibits surface expression of NL4
If the R87W substitution impairs maturation of NL4 by trapping it in the ER, it should block surface expression of NL4. To test this hypothesis, we examined the localization of wild-type and R87W-mutant NL4 in transfected COS cells whose large size facilitates localization of proteins. Whereas wild-type NL4 was predominantly localized to the plasma membrane in COS cells, the majority of R87W-mutant NL4 localized to the ER in which it was present in the same compartment as calnexin, distinct from the Golgi marker GM130 (Fig. 3 A, B) .
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Figure 4. Wild-type but not R87W-mutant NL4 is transported to dendrites in transfected neurons. A-C, Fluorescence images of hippocampal neurons transfected with wild-type and R87W-mutant NL4 that were tagged with mVenus (hNL4 WT and hNL4 R87W , respectively). Neurons were double labeled for the dendritic marker MAP2 (A), the cis-Golgi marker GM130 (B), or the synaptic vesicle protein synaptotagmin-1 (Syt 1; C); transfected NL4 was visualized with a GFP-directed antibody reacting to its Venus moiety. Arrows point to the soma of transfected neurons. Scale bars (20 m) apply to all images in a set.
To confirm that the R87W mutation impaired the surface exposure of NL4, we performed surface biotinylation experiments, using Na,K-ATPase as an internal control. Surface proteins were biotinylated in transfected HEK293 cells and purified on avidin columns, and the relative amount of biotinylated surface protein was measured by quantitative immunoblotting (Fig. 3C) . We found that the R87W mutation severely impaired the surface expression of NL4 protein (percentage of surface-biotinylated NL4 protein of the total NL4 protein: 4.54 Ϯ 0.70% for wild-type NL4 vs 0.23 Ϯ 0.03% for R87W-mutant NL4; p Ͻ 0.01; n ϭ 3). As an internal control, we measured the surface Na,K-ATPase levels, which remained constant in both groups (1.34 Ϯ 0.58 vs 1.27 Ϯ 0.59% for cells expressing wildtype vs R87W-mutant NL4, respectively; p Ͼ 0.05; n ϭ 3 independent experiments). This assay confirmed that the R87W mutation severely impaired transport of NL4 to the cell surface.
To ensure that the R87W mutation has a similar effect on the transport of NL4 out of the ER in neurons, we transfected cultured hippocampal neurons and analyzed them by immunocytochemistry (Fig. 4) . Whereas wild-type NL4 was efficiently transported into dendrites, R87W-mutant NL4 was completely retained in the cell body of the transfected neurons in a compartment that appears to be pre-Golgi, because it was not stained by GM130, and thus most likely represents the ER (Fig. 4) . This finding suggests that the R87W mutation has a similar effect on the processing and transport of NL4 in nonneuronal and neuronal cells.
The R87W mutation blocks the ability of NL4 to induce synapse formation The effect of the R87W mutation on the maturation and ER export of NL4 resembles that of the R451C mutation in NL3 (Comoletti et al., 2004; De Jaco et al., 2006) . However, although the R451C mutation impairs folding and surface export of NL3, it does so incompletely. As a result, 10 -20% of R451C-mutant NL3 escapes to the cell surface, still binds to neurexins, and induces synapse formation when transfected COS cells expressing R451C-mutant NL3 are cocultured with neurons . This is important because, in knock-in mice, the R451C mutation in NL3 acts as a dominant mutation and not as loss-of-function mutation (Tabuchi et al., 2007) . Thus, it is crucial to test whether the R87W mutation in NL4 also allows a small percentage of NL4 to escape to the surface and to induce synapse formation.
To test this question, we first measured the ability of R87W-mutant NL4 to bind to recombinant neurexin-2␤ and observed that neurexin binding was not impaired by the R87W mutation (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We then measured its ability to induce synapse formation by coculturing transfected COS cells expressing wildtype or R87W-mutant NL4 with neurons (Fig. 5) . We found that, whereas wild-type NL4 was fully active in this assay, R87W-mutant NL4 -different from R451C-mutant NL3-was unable to induce synapse formation. Synapse formation was quantified as the average fluorescence intensity of synaptotagmin-1-positive nerve terminals over the transfected COS cells (wild-type NL4 transfected cells, 46 Ϯ 5; R87W-mutant NL4 transfected cells, 4 Ϯ 1; p Ͻ 0.001; n ϭ 19 -21 cells/3 independent experiments; values are in arbitrary fluorescence units) normalized for the expression of wild-type and R87W-mutant NL4 (wild-type NL4, 149 Ϯ 11; R87W-mutant NL4, 89 Ϯ 12; p Ͻ 0.01). This normalization yields the ratio of synapses for expressed NL4 (wild-type NL4, 0.31 Ϯ 0.08; R87W-mutant NL4, 0.05 Ϯ 0.007; p Ͻ 0.001). Thus, as expected from the lack of surface transport, R87W-mutant NL4 is functionally inactive. This was additionally confirmed in experiments testing the effect of overexpressed NL4 directly in transfected neurons. We found that overexpression of wild-type NL4 in transfected neurons increased the density of synapses on the neurons (Fig. 6 ), similar to other neuroligin isoforms (Chih et al., 2004; Boucard et al., 2005) . R87W-mutant NL4, however, was unable to do so.
The R87W mutation abolishes the NL4-induced suppression of excitatory synaptic transmission The synapse number quantifications strongly suggest that R87W-mutant NL4 is inactive, but it is possible that a functional effect by the mutant NL4, as opposed to a morphological change, could have been missed. To test this hypothesis, we transfected neurons with wild-type NL4, R87W-mutant NL4, or a control plasmid and recorded from the transfected neurons that were identified via cotransfected EGFP.
We first recorded spontaneous mEPSCs and mIPSCs. Surprisingly, we found that, although overexpression of wild-type NL4 increased synapse numbers in transfected neurons, in physiological measurements it selectively suppressed the frequency of mEPSCs but not mIPSCs, without altering the amplitude of either mEPSCs or mIPSCs (Fig. 7) . Moreover, when we monitored WT and hNL4 R87W , respectively) or Venus alone (mVenus) as a negative control, as indicated. Transfected cells were cocultured with primary rat hippocampal neurons , fixed, and stained by immunofluorescence for synaptotagmin-1 to visualize presynaptic terminals (red) and for NL4 (using pan-NL antibodies) to visualize the transfected COS cells (green). Two examples for each condition are shown. Scale bar on the bottom right corner (15 m) applies to all images.
EPSCs and IPSCs evoked by action potentials, we found that wild-type NL4 overexpression selectively decreased the amplitude of EPSCs but not of IPSCs (Fig. 8 A, B) . The same effect was observed for EPSCs induced by application of hypertonic sucrose (which induces exocytosis of all readily-releasable vesicles at a synapse in a Ca 2ϩ -and action potential-independent manner) (Fig. 8C) . In all cases, R87W-mutant NL4 was inactive. Together, these findings indicate that the R87W mutation inactivates NL4.
Discussion
Although accumulating evidence suggested that mutations in NL4 may cause ASDs and other neuropsychiatric diseases (for review, see Südhof, 2008) , previously described mutations in NL4 could also be interpreted as polymorphisms. Here, we describe two brothers who presented with classical ASD and who were found to carry a mutation in NL4 that likely caused their ASD based on the following evidence. (1) R87 is conserved in all neuroligins, and no mutations in R87 were detected in a large number of control individuals. (2) The genetically validated mother and father did not carry the R87W substitution, suggesting that the mutation arose in the maternal germ line, which is presumably mosaic for the mutation. (3) The R87W substitution causes retention and degradation of NL4 in the ER, with an accompanying loss of normal NL4 glycosylation, suggesting that the substitution impairs folding of NL4. (4) The R87W mutations abolishes the effects of NL4 on synapse formation and on synaptic transmission.
Thus, the R87W substitution represents a loss-of-function mutation that interferes with the normal folding of NL4, similar to what was previously described for the R451C substitution of NL3 (Comoletti et al., 2004; De Jaco et al., 2006) . However, the R87W substitution in NL4 critically differs from the R451C substitution in NL3 in that the R451C substitution still allows some NL3 to escape the ER and be displayed on the cell surface (Comoletti et al., 2004) , whereas the R87W substitution completely traps NL4 in the ER (Figs. 2, 3) . As a result, the NL4 R87W substitution abolishes the ability of NL4 to induce synapse formation in transfected neurons (Fig. 6 ) and blocks the effect of transfected NL4 on synaptic transmission (Figs. 7, 8 ). In contrast, the R451C substitution in NL3 does not block its synapse-inducing activity but instead acts as a dominant-positive mutation (or a dominant-negative, depending on the perspective) because it alters synaptic properties of neurons, which is not observed for the simple deletion of NL3 (Tabuchi et al., 2007) . Thus, the R87W substitution has all the characteristics of a classical loss-offunction mutation, similar to other mutations in NL4 that were associated with ASDs (Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005; Chocholska et al., 2006; Talebizadeh et al., 2006; Macarov et al., 2007; Lawson-Yuen et al., 2008; Marshall et al., 2008) . In summary, our data suggest a clear association of an NL4 mutation with a defined ASD phenotype and an alteration in protein folding, strongly supporting the notion that inactivation of NL4 function can be a cause of ASDs.
From a human genetics standpoint, this is, to our knowledge, the first report of germ-line mosaicism for an NL mutation, although germ-line mosaicism has been reported for alterations in other genes associated with ASDs. Szatmari et al. (2007) described two sisters with typical autism (including characteristic developmental delays) that had apparently identical 300 kb deletions on chromosome 2p16 not detected in either parent (Szatmari et al., 2007) . The chromosomal deletions eliminated coding exons from the neurexin-1 gene. Microsatellite analysis showed the identical maternal chromosomal segment but no paternal DNA in the siblings, providing a likely explanation of paternal gonadal mosaicism. Neither parent of these sisters with the neurexin-1 deletion had clinically significant findings. Durand et al. (2007) described two brothers with ASD, severe speech impairment, and severe mental retardation who had a de novo insertion of a G nucleotide in exon 21 of the SHANK3 gene, which leads to a frame shift and presumed loss of function (Durand et al., 2007) . Using 14 informative SNPs, it was determined that the mutation was located on the same maternal haplotype in the two affected brothers. This alteration was not observed in an unaffected brother, the unaffected parents (both maternal blood and buccal samples were analyzed), or control individuals. Given these findings, the mutation was thought to be a result of maternal germ-line mosaicism.
Our finding of germ-line mosaicism for a likely deleterious alteration in the NL4 gene has implications for genetic counseling. Because mutations, and thus germ-line mosaicism, in NLs and other ASD-linked genes are rare, no precise estimates of recurrence risk for a family with such a mutation can be made. However, recurrence risk data from better-described conditions in which germ-line mosaicism occurs, such as Duchenne muscular dystrophy, are available. In Duchenne muscular dystrophy, the recurrence risk for a proven new mutation was estimated to be 14 -18% when the haplotype at risk is known (Bakker et al., 1987) . A more recent study from this group (Helderman-van den Enden et al., 2009) has indicated that the recurrence risk is 4.3% when the haplotype at risk is not known. Based on this information, it can be postulated that the recurrence risk in this family may range from 4.3 to 15%.
Collectively, the finding of mutations in genes encoding neurexins, neuroligins, and SHANK3 in patients with neuropsychiatric disorders suggests an impairment in a synaptic pathway as a cause of ASDs, referred to as the trans-synaptic interaction hypothesis of ASDs. Clearly, mutations in genes encoding this synaptic pathway are exceedingly rare, with the relatively high frequency of germ-line mosaicism for such mutations (i.e., relative to their overall rare occurrence), consistent with the notion that their consequences are rather severe.
Our results raise a number of new questions. Our finding that wild-type NL4 increases synapse numbers in transfected neurons and simultaneously decreases EPSC size and mEPSC frequency is puzzling. The effect of wild-type NL4 is selective, because IPSC size and mIPSC frequency were not changed. The paradoxical effect of NL4 on synapse numbers and synaptic strength does not fit with previous observations, raising the question whether NL4 is intrinsically different from other neuroligins and what the mechanistic basis for this difference is. At present, we cannot answer these questions. Independent of what the answers to these questions are, however, the existence of this difference suggests a possible rationale for the fact that mutations in the NL4 gene are repeatedly observed in patients with ASDs, whereas mutations in other neuroligin genes are not. Future studies will also have to analyze this possibility systematically.
